ABSTRACT: The increasing P and N content in the two main tidal basins in the western Dutch Wadden Sea, the Marsdiep and the Vliestroom basin, has been reconstructed from the 50s onwards.
INTRODUCTION
During the last decades fresh surface waters in western Europe have been enriched considerably with nutrients from land run-off as well as from industrial and domestic waste water discharges. In the Netherlands this has resulted in a dramatic increase in nutrient concentrations in the main surface waters (Anon., 1980) . Serious effects such as nuisance-causing blooms of blue-green algae and transparencies of less than 30 cm in formerly clear waters have been observed (Anon., 1980) .
Freshwater run-offs are finally discharged in the marine environment and here, particularly in the coastal zone, eutrophication may also be expected. Part of the Dutch coastal zone consists of estuarine areas, the main one being the Wadden Sea, which is a nursery area for a number of commercially important fish species such as plaice (Zijlstra, 1972; Kuipers, 1978; ) and a resting area for wading birds (for a review see Smit & Wolff, 1983) .
Although the nutrient cychng of the Dutch Wadden Sea has been the subject of extensive studies for a long time akeady (Postma, 1954 (Postma, , 1966 (Postma, , 1985 Duursma, 19{51; van Bennekom et al., 1974; Helder, 1974; de Jonge & Postrna, 1974; Rutgers van der Loeff, 1980) , a review of tile general trend in the nutrient concentrations in the area has never been compiled. The enormous freshwater discharge by Lake IJsseI in the western part of the Wadden Sea is expected to enrich especially this estuarine area with nutrients. In recent years an increasing amount of information has become available on effects of eutrophication on primary as well as on secondary production in this area (Beukema & Cad4e, 1986; Cad4e, 1986) . This paper describes the eutrophication of the two main tidal basins in the western part of the Dutch Wadden Sea, the Marsdiep and the Vliestroom basin. Eutrophication may be defined according to Postma (1985) : "an enrichment with nutrients or organic matter." The ecological effects of an increased loading with nutrients are left out in this definition. Attention is paid mainly to P and N, because at least in the past these nutrients seemed to have limited primary production (Cad4e & Hegeman, 1974) and the concentrations of both of these nutrients have increased considerably in inland waters during the last few decades. Besides reviewing the nutrient concentrations in the area and of the loadings by the main sources, an attempt has been made to compare the importance of the coastal zone of the North Sea and the discharge from Lake IJssel as sources of P and N. Finally, some remarks are made on the effects of eutrophication on the ecosystem. Figure 1 shows the location of the western part of the Dutch Wadden Sea (henceforth called western Wadden Sea), together with the main nutrient source, the river Rhine, feeding the Wadden Sea via the coastal zone of the North Sea and via discharge from
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::-t.& ,-. Fig. 1 . The western part of the Wadden Sea (shaded), together with Lake IJssel (3), the coastal zone of the North Sea and the two main rivers, Rhine (1) and IJssel (2), feeding the western Wadden Sea indirectly Lake IJssel. The synopsis of the development of the eutrophication of the western Wadden Sea has been based upon a compilation of published and unpubhshed data. In the case of lack of data, an attempt has been made to reconstruct the missing data.
The rivers Rhine and IJssel
All the information concerning flows and concentrations of N and P components of the rivers Rhine and IJssel was obtained from the annual reports of the International Rhine Commission, Koblenz, and from the quarterly reports on the water quality of the Dutch waters as published by Rijkswaterstaat, Rijks Instituut voor Zuivering van Afvalwater (RIZA), Lelystad. However, before 1972 total-N and total-P concentrations were not determined regularly and these values had to be estimated from the ratio (NH4 + q-NO3-)/total N. In river IJssel this ratio was approximately 0.85 during the period 1972-1985 {Fig. 2) and the same has been assumed in the Rhine and the IJssel for the [1954] [1955] [1956] [1957] [1958] [1959] [1960] [1961] [1962] [1963] [1964] [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] . Total-P has been estimated from the ratio ortho-P/total-P. Around 1960 (Postma, unpubl.) and in the early 70s, this ratio in the IJssel was about the same, 0.40 {Fig. 2). This value has also been adopted for the intervening years. The uncertainty introduced by this assumption is roughly estimated at 10 %. From the 70s onwards, this ratio has increased to values of approximately 0.75.
Discharge of Lake IJssel
Data on the monthly discharges of fresh water from Lake IJssel into the Wadden Sea were obtained from Rijkswaterstaat Directie Zuiderzeewerken, Lelystad. Data on the concentrations of N and P components near the sluices {location Y1 and Y2} were pubhshed in the quarterly reports of RIZA from 1972 onwards. Ortho-P and total-P were measured from 1949 to 1951 by Postma (1954) , in 1957 by Duursma {1961}, in 1958 Duursma {1961}, in -1959 by Postma (1967 and unpubl.) and during 1967 to 1970 by de Kloet {1971}. Data concerning N components were determined in 1957 (NH4 +) by Duursma {1961}, in 1960 -1962 (NH4 +, NO3-, total-N} by Postma {1966}, and in 1971 -1972 by Helder (1974) . Based on the ratio between the concentrations at Andijk and near the sluices in 1972 -1985 , data of total-N from near Andijk (Governmental Water Company, unpublished) for the period 1966-1972 were converted into concentrations near the sluices by multiplying by 0.90. The possible error in this factor is about 20 %. Missing data of total-N for the period before 1966 were estimated by extrapolation from measured ratios between total-N and total-P in later years (Table 1) . Overall, this results in a level of uncertainty in the reconstructed data of approximately 35 %. The coastal zone of the North Sea Nutrient data for the coastal zone of the North Sea were obtained from the quarterly reports of RIZA for a location off Calantsoog (C2 and C4) from 1973 onwards. Ortho-P has been measured from 1973 onwards. Older data were only available for the period 1949 -1951 (Postma, 1954 ) and 1958 -1959 (Duursma, 1961 near lightvessel TexeL It was assumed that at this location the concentrations were 1.3 times lower than those at C2 and C4 (de Wit et al., 1982) . The uncertainty in this conversion is approximately 25 %. For total-P, data were available only for the period [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] . Based on the ratio ortho-P/ total-P during this period, the ratio for the other years was estimated and missing data for total-P were calculated ( Table 2 ). The ratios for the period 1949-1959 could only be calculated very roughly. Data about NH4 + and NO3-were available from 1975 onwards from the quarterly reports of the RIZA and for the period 1960 -1962 (Postrna, 1966 near lightvessel Texel. For N, the concentrations at this station were estimated to be 1.7 times lower than those at C2 and C4 (de Wit et al., 1982) , with an uncertainty of 25 %. Total-N Table 2 . Ratio between ortho-P and total-P in the coastal zone of the North Sea (C2 and C4), extrapolated from measurements in the intervening years (for further explanation see text) 1960 -1962 (Postma, 1966 ) and between 1975 -1982 . Based on the ratio (NH4 + + NOa-)/total-N during these years the ratio has been extrapolated for the years 1983-1985 (Table 3) , from which total-N could be estimated. For the period before 1960 and between 1962-1973 total-N was estimated in a similar way (Table 4) . The final level of uncertainty in the reconstructed data is in the order of 50 %. The western Wadden Sea Data on nutrient concentrations in the western Wadden Sea are available from 1972 onwards from the quarterly reports of the RIZA. Older data of P components are available for the period 1970-1971 (ortho-P) by de Jonge & Postma (1974) , and for the period 1949-1951 (ortho-P and total-P) by Postma (1954) . N components are presented for 1970-1971 (NH4 + and NO3-) measured by Helder (1974 ), for 1960 -1962 by Postma (1966) . Based on the ratios between total-N and total-P in these years (Table 5) , missing data on total-N and total-P were reconstructed, with an estimated error of approximately 40 %. The concentrations of nutrients in the rivers Rhine and IJssel are multiplied by the water flows to calculate the yearly mean loadings. Both total-P {Pig. 3) and total-N (Fig, 4) showed a continuous increase from 1954 onwards. In 1981, the loadings had increased 5-7 times for total-P and 2-3 times for total-N, compared with 1954. Ortho-P and NO3-showed an even stronger increase. From 1981 to 1985, mean loadings decreased by about 20-30 %. This was not caused by differences in river flow but was merely due to reduced nutrient concentrations.
The discharge from Lake IJssel into the Wadden Sea is given in Figure 5 . From 1950 From until 1981 there was an increase in total-P from 0.03 to 0.16 kg s -1, and in total-N from 0.8 to 2.3 kg s -t. Prom 1981, the discharge of total-N has stabilized, while total-P showed a 0.00
B.
Eutrophication of the Dutch Wadden Sea [1981] [1982] [1983] [1984] [1985] . The increase in the nutrient loadings in the discharges mainly took place from 1970 onwards, which is in contradiction with the situation at the inflow of the lake, the river IJssel (see Figs 3 and 4) .
The coastal zone of the North Sea Figure 6 shows the nutrient concentrations in the coastal zone of the North Sea in the first and third quarter of the year. Since only few data were available and most had to be reconstructed the overall level of uncertainty is high. It seems most likely that a continuous increase in both the concentrations of total-P and total-N took place from 1950 onwards until 1980 and a stabilization thereafter. From 1950 to 1985 total-P increased by approximately a factor of 7 and total-N by approximately a factor of 5. The other quarters of the year showed a similar pattern. Based on annual mean concentrations, total-P and total-N have increased by approximately a factor of 4 during the period 1950 to 1985. 
DISCUSSION
Recently, Postma (1985) reviewed the eutrophication of Dutch inshore and some coastal waters (Eros-estuary). However, he did not present a detailed analysis of the increase in nutrient loadings and concentrations. Due to the strong influence of the river Rhine in the western Wadden Sea, it was expected that this area would be more affected by an increased loading with nutrients than the eastern part of the Wadden Sea. Inflow of fresh water from the Rhine takes place in two ways, but it does not occur directly. One source is the discharge of Lake IJssel, which to a great extent is fed by fresh water from the river IJssel, a branch of the Rhine. The other source is the import of saline coastal water through the tidal inlets which also consists partly of fresh water from the Rhine transported along the coastal zone (van Bennekom et al., 1974; Zimmerman, 1976) . The reconstruction of the.nutrient concentrations in the area and the loadings of the main sources is hampered by lack of data especially from the past. Therefore, a partial reconstruction has been made by interpolation and extrapolation of the missing observations. This procedure results in uncertainties in the order of 30 to 50 %. Particularly the data of the period before 1970 should be treated with some reservation. A comparison of the nutrient loadings from the sources with the resulting concentrations in the western Wadden Sea reveals some striking facts. Although rather strong year-to-year fluctuations in nutrient concentrations and loadings occurred, clear trends can be observed.
The increase in the nutrient content of the river Rhine seemed to be a rather continuous process during the period 1950-1980, followed by a slight decrease in recent years. The same pattern could be observed in the coastal zone of the North Sea, which is directly enriched by inflow from the Rhine. The river IJssel, feeding Lake IJssel, showed a similar increase in nutrient loading in the course of time. However, in the discharge of Lake IJssel there seemed to be a time lag. Until about 1970, loadings remained the same, and an increase could only be observed between 1970 and 1980. This suggests that for at least 15-20 years, Lake IJssel acted as a trap for the nutrient loadings from the river IJssel. This pattern of nutrient concentrations in the discharge of Lake IJssel was also found in the western Wadden Sea. A similar time lag of at least 15 years could be observed before an increase in concentrations started around 1970. During the past 5 years even a decrease in nutrient concentrations occurred. The correspondence between the development of the nutrient levels in the western Wadden Sea and the nutrient discharges of Lake IJssel suggests that these loadings from Lake IJssel are the main nutrient source of the western Wadden Sea, rather than import from the coastal zone of the North Sea. This conclusion is in contradiction with the suggestions made by Postma (1954) and de Jonge & Postma (1974) , who stressed the importance of import from the coastal zone as a source of organic matter and associated P components. Reappraisal of their figures by Cad6e (1980) and de Wilde & Beukema (1984) resulted in about an equal importance of Lake IJssel and the coastal zone as sources of organic matter for the western Wadden Sea in the 80s. However, all these conclusions are based on budget calculations made for only a few years. Due to the strong year-to-year fluctuations, their conclusions might be true for these years, but considering the long-term trends, it seems most likely that, in general, Lake IJssel is the main source of nutrients for the western Wadden Sea.
Hardly any measurements on nutrients and primary production were performed before 1965. This means that for most Dutch inshore and coastai waters the effect of increased nutrient levels on primary production cannot be followed over the whole period of eutrophication, as already stated by Postma (1985) . However, because of the buffering of Lake IJssel, this situation does not hold for the western Wadden Sea. Here, eutrophication essentially started from about 1970 onwards, while the first measurements of primary production were already made during the period 1963 -1966 (Postma & Rommets, 1970 ) and 1972 -1973 (Cad~e & Hegeman, 1974 . So, apart from methodical problems related to the measurements of production, the figures from Postma & Rommets (1970) and Cadde & Hegeman (1974) may be considered as baseline levels. On the basis of their measurements of pelagic primary production, Cad6e & Hegeman (1974) concluded that in spite of the high turbidity of the Wadden Sea, a nutrient limitation in summer could not be excluded in part of the area. In winter, nutrient limitation did not seem to occur in these years.
In these parts of the Wadden Sea an increased nutrient loading may have resulted in a lengthening of the period of non-nutrient limitation and probably in an increased production. Although there are not enough monthly production figures, the above suggestion is strongly supported by annual production figures measured over a number of years (Table 6 ). Not only the data for the Marsdiep tidal inlet area (as reviewed by 1964-1966 1202 -1701 92.52-151.51 1972-1973 1502 -2001 1974-1975 1352 -1451 1981-1982 3401 1986 1652 -3031 Veldhuis et al. (1988) Cadde, 1986) but also the production in other parts of the western Wadden Sea have increased from 100-150 gC.m-2.y -1 in 1970 to 165-300 in 1986 . However, Cadde (1986 mentioned a discrepancy between eutrophication and the timing in increase of primary production, but he considered ortho-P as indicator for the state of eutrophication instead of total-P. Although ortho-P did show an increase from 1950 onwards, total-P remained approximately constant. The increase in ortho-P therefore illustrated a shift between P components and a shift from P-limitation to most likely N-limitation at least during parts of the year (Veldhuis et al., 1988) . The increase of ortho-P in the period 1950-1970 as observed by de Jonge & Postma (1974) and mentioned by Cadde (1986) therefore does not necessarily mean a severe increase in the amount of nutrients available for primary production. According to the present data such an increase most likely started after 1970, approximately at the same time as the increase in primary production as observed by Cad6e (1986) . The increased annualproduction indicates a narrowing of the period of nutrient hmitation during the year, but still in the present situation Veldhuis et al. (1988) suggest a nutrient limitation during the summer period. So although the area has become more eutrophic over the years, the western Wadden Sea seems to be nutrient limited during part of the year. The increase in annual primary production may have resulted in an enlarged food supply for the consumers over the year and may also have an impact on the functioning of the ecosystem as far as this increased food supply is not exported towards the North Sea. Cad6e & Hegeman (1986) suggest an increase in the Phaeocystis abundance and Beukema & Cad4e (1986) found a doubhng of both biomass and annual production of the macrozoobenthos living on the tidal flats in the western Wadden Sea during 1970-1984. An impact on the functioning of the ecosystem is difficult to detect. So far, severe negative effects of eutrophication have not been reported, and low oxygen conditions over longer periods seem to occur only locally (Tijssen & van Bennekom, 1976; van der Veer & Bergman, 1986) .
Eutrophication of the western Wadden Sea seems to be determined by the loadings of Lake IJssel and because of the buffering of nutrients by the lake, eutrophication of the western Wadden Sea has been delayed for quite a long time, i.e. some 15 years compared to the sources of the nutrients, the river Rhine. It might be stated that other parts of the Dutch Wadden Sea with a freshwater run-off directly into the estuary, such as the Ems-Dollard estuary, may show a more continuous increase in nutrient concentrations from the 50s onwards. Areas without any significant input of fresh water will only be influenced by exchange with the coastal zone of the North Sea. These areas will also show a pattern of a continuous increase, though on a rather low level, because of the relatively low loadings coming from the North Sea. To confirm these hypotheses a more detailed analysis of the nutrient concentrations in these areas is necessary.
